In eukaryotic cells ribosomes are assembled in the nucleolus and must be transported through the nuclear pore complex to the cytoplasm, where they function in translation. The first discrete intermediate preribosomal species, the 90S particle (40) , assembles around the 35S primary transcript in the nucleolus and contains integral ribosomal proteins, trans-acting rRNA processing factors, and subunit assembly factors. Recent evidence suggests that the 90S particle assembles cotranscriptionally on the primary transcript, is devoted to 40S biogenesis, and is almost entirely lacking in 60S proteins and assembly factors (5, 16) . Cleavage of the transcript into 20S and 27S species in the nucleolus, the precursors of 18S and 25S, respectively, may release the pre-40S complex. The subsequent processing and assembly of the 66S particle, the nucleolar precursor of the 60S subunit (44) , appears to be independent of 40S assembly (5, 16) . Release of the large subunit from the nucleolus into the nucleoplasm likely coincides with the release of many of the 66S-associated biogenesis factors (9, 31) , yielding a nucleoplasmic pre-60S subunit.
Several rRNA processing and protein assembly events may be associated with or required for release of the pre-60S subunit from the nucleolus into the nucleoplasm. For example, the cleavage of 27S pre-rRNA into 25S and 7S RNAs precedes release into the nucleoplasm (15) . In addition, the nucleolar 66S particle contains the two proteins Rlp7p and Rlp24p that are similar to mature subunit proteins Rpl7p and Rpl24p, respectively (6, 35) . Thus, it has been suggested that the exchange of Rpl7p and Rpl24p for Rlp7p and Rlp24p proteins is necessary for 60S subunit release (6, 35) . Once in the nucleoplasm, the pre-60S particle undergoes further processing. For example, in yeast the 3Ј trimming of 7S to 5.8S is likely a nucleoplasmic event (15) that requires the exosome, Rex1p, Rex2p, and Ngl2p (8, 29, 43) . Finally, export to the cytoplasm requires the addition of the export adapter Nmd3p (11, 20) that provides the leucine-rich nuclear export sequence recognized by Crm1 in a Ran-GTP-dependent fashion. Based on genetic and physical evidence, Nmd3p may be recruited to the subunit by Rpl10p (11) . The temporal sequence and cellular localization of these events is not well established, and it is possible that some of these events are not obligatorily linked with a particular compartment of the nucleus or with other events happening in parallel on the subunit.
The large and small ribosomal subunits are produced in equimolar amounts since they are derived from a common precursor. Nevertheless, they are independently matured and exported from the nucleus, with the large subunit requiring a longer transit time in the nucleoplasm (15, 24, 41) . Recent advances by several research groups have provided significant insight into the nuclear export pathway of the 60S subunit. Release of the pre-60S subunit from the nucleolus requires Noc1p/Mak21p (YDR060W), Noc2p (YOR206W), and Noc3p (YLR002C) (28) . Although the functions of these proteins are not known, they appear to act in a sequential fashion, with Noc1p/Mak21p and Noc2p present in the nucleolus and Noc2p and Noc3p found in the nucleoplasm.
We and others have recently shown that the nuclear export signal (NES) for the large subunit is provided by the adapter protein Nmd3p (Yhr170wp). Expression of mutant Nmd3 protein lacking the NES inhibits export of the 60S subunit (11, 20) . Genetic and physical interactions between Nmd3p and Rpl10p suggest that Rpl10p may constitute at least part of the binding site for Nmd3p on the 60S subunit (11, 22) . The leucine-rich NES of Nmd3p is recognized by the karyopherin Crm1p (YGR218W) (11, 20) . Consequently, export of 60S subunits is blocked in crm1 (xpo1-1) conditional mutants (38) or by the Crm1p inhibitor leptomycin B (LMB) (25) in LMB-sensitive yeast (11, 20) . This pathway for export of 60S subunits is conserved in metazoan cells (40a) . Nascent 60S subunits are incorporated into polysomes more slowly than are nascent 40S subunits. This likely reflects the slower processing of 60S subunits in the nucleus (39, 42) , as well as a delay in the recruitment of 60S subunits into polysomes in the cytoplasm (45) . The reason for this cytoplasmic delay is not clear, but it could be due to the slow addition or removal of proteins from the nascent subunit, a conformational change of the subunit, or covalent modification of the rRNA and/or r-proteins.
To identify additional proteins that bind to the free 60S subunit and that act in the biogenesis and transport of the 60S subunit, we have purified Nmd3p-bound subunits. Among the nonribosomal proteins associated with these subunits were two monomeric GTP-binding proteins, Nog1p and Lsg1p. These two proteins are both essential and required for 60S biogenesis. We show that Lsg1p is a cytoplasmic protein, whereas Nog1p has recently been described as a nucleolar protein (33) . GAGCTCATGCAACTTTCATGGAAG) and AJO284 (5Ј-GCGAAGCTTCA ACGGAAATCTGTCTT). The PCR product was digested with NcoI and HindIII and ligated into the same sites of pAJ151. The lsg1-1 and lsg1-2 conditional mutants (pAJ740 and pAJ741) were made by random PCR mutagenesis of pAJ289 with the oligonucleotides AJO285 and AJO286. The PCR product was cotransformed with pAJ289 digested with BglII and XbaI to remove LSG1 coding sequence into AJY1167 (LSG1::KanMX) containing pAJ626 (myc-LSG1). Transformants were screened for temperature sensitivity on 5-fluororotic acid (5-FOA) plates. Plasmids were isolated and retransformed into AJY1167 (LSG1::KanMX). Conditional mutants nog1-1 (pAJ633) and nog1-3 (pAJ637) were constructed by a method similar to the one described for lsg1 conditional mutants, except that the oligonucleotides used for PCR amplification were AJO283 and AJO284 and pAJ290 was the template. PCR product was cotransformed with AatII-and MscI-digested pAJ290 into AJY1118 (GAL1::NOG1) containing pAJ625 (HA-NOG1). Transformants were screened for temperature sensitivity on 5-FOA plates. All lsg1 and nog1 mutants contained multiple mutations (data not shown). pAJ625 was made by ligating HA-NOG1 on an NheI-to-BamHI fragment from pAJ290 to XbaI-and BamHI-digested pRS316. pAJ626 was made by ligating myc-LSG1 on an NheI-to-BamHI fragment from pAJ289 to XbaI-and BamHI-digested pRS316. pAJ901 (LSG1-myc) was constructed by first cloning the 13myc tag from pAJ538 (19) as a SmaI-to-HindIII fragment into the same sites of pRS416. pAJ901 was then assembled in a three-part ligation: 13myc as an XbaI-to-HindIII fragment from pAJ538, the vector backbone of pAJ538 as an EagI-to-HindIII fragment, and LSG1 as a PCR fragment amplified from genomic DNA with AJO428 (5Ј-GCGGCGGCCGCCCATGGG ACGTCTGGCCAGCATGCGGTACTTTATACGTGTGCATTATTC) and AJO415 (5Ј-CGCGCTAGCATTATTTTCAATGCTAAAAAC) and digested with NotI and NheI.
Indirect immunofluorescence. Indirect immunofluorescence was performed as described previously (20) . Antibodies used were the monoclonal antibody 9e10 anti-c-myc for the primary antibody (1:2,500 dilution; Covance), and the secondary antibody was Cy3-conjugated anti-mouse antibody (1:300 dilution; Amersham Pharmacia Biotech). Fluorescence was visualized on a Zeiss Axiophot microscope fitted with a ϫ100 objective lens and a Princeton Electronics Micro-MAX charge-coupled device camera controlled with the IPLab Spectrum P Rpl25-eGFP localization. Overnight cultures were diluted twofold into fresh medium and grown for 30 min at 30°C. Cultures were divided in half, with one half shifted to 37°C and the remainder grown at 30°C for 3 h. Hoechst 34442 (1 g/ml [final concentration]) was added to cultures during the last 30 min of growth. Green fluorescent protein (GFP) signal was visualized as described for indirect immunofluorescence.
Pulse-chase labeling and immunoprecipitation of ribosomal subunits. For 35 S immunoprecipitation pulse-chase experiments, 250-ml cultures of CH1305 expressing pAJ901 (Lsg1-myc) or NOP7-TAP (J. Woolford) were grown to mid-log phase in medium lacking methionine. Cultures were concentrated to 9 ml in fresh medium. Proteins were labeled by adding 0.5 mCi (0.85 nmol) of L-[
35 S]methionine for 5 min, followed by the addition of excess unlabeled L-methionine (5,200 nmol) . At the indicated times, 1.5-ml samples were collected, and cells were pelleted and flash frozen. Immunoprecipitations were performed on labeled extracts as described previously (19) . Immunoprecipitated proteins were analyzed on 12% polyacrylamide gels, which were either dried and exposed to autoradiography or analyzed by Western blotting.
For the Lsg1-60S competition assay, L-[ 35 S]methionine-labeled protein extracts were prepared and incubated with increasing amounts of unlabeled wild-type yeast extract or purified unlabeled 60S subunits for 1.5 h at 4°C. Immunoprecipitations were then carried out as described previously (18) . Immunoprecipitated proteins were analyzed on 12% polyacrylamide gels. Proteins were visualized by Western blotting or by autoradiography of the gels after drying.
Northern blotting. RNA was extracted as described previously (36) and separated by using 1.2% agarose-formaldehyde gels for the large rRNA species and 6% polyacrylamide-7 M urea gels for the small rRNA species. RNA was transferred to nylon membranes (Zetaprobe; Bio-Rad) and probed with 32 P-endlabeled oligonucleotide probes as previously described (46) . The probes were AJO130 (23S, 20S; 5Ј-TCTTGCCCAGTAAAAGCTCTCATGC), AJO190 (18S; 5Ј-GTCTGGACCTGGTGAGTTTCCC), AJO191 (5.8S; 5Ј-CGCTGCGTTCTT CATCGATGCG), AJO192 (25S; 5Ј-CCCGCCGTTTACCCGCGCTTGG), AJO214 (27S A,B ; 5Ј-GTTCGCCTAGACGCTCTCTTC), AJO249 (5S; 5Ј-TCT GGTAGATATGGCCGCAACC), AJO282 (7S) 5Ј-GGCCAGCAATTTCAAG TTA), and AJO313 (35S, 27S A ; 5Ј-TCCAGTTACGAAAATTCTTGTTTTTGA CAA).
Other methods. Polysome analysis and rRNA pulse-chase experiments were performed as described previously (18) . For the mass spectrometric identification of proteins, Nmd3-13myc and associated proteins were immunoprecipitated from extracts of AJY272 as described previously (19) . Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 8% or 4 to 20% gradient polyacrylamide gels and then stained with Coomassie blue. Protein bands were excised, digested with trypsin, and analyzed by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF), and then protein identification was done by using ProFound (W. M. Keck Facility, Yale University).
RESULTS

Nog1p and Lsg1p are coimmunoprecipitated with Nmd3p-60S complexes.
We previously demonstrated that free 60S subunits could be coimmunoprecipitated with 13xmyc-tagged Nmd3p (19) . This coimmunoprecipitation is specific for tagged Nmd3p since the associated proteins were not seen in control purifications (19; see also below). Here, we have carried out an initial characterization of two of the proteins associated with the Nmd3p-bound 60S subunit. Several proteins specific to the coimmunoprecipitated complex were resolved from the large number of low-molecular-weight ribosomal proteins on polyacrylamide gels (Fig. 1A) . Protein bands were excised, digested with trypsin, analyzed by MALDI-TOF mass spectrometry (W. M. Keck Facility), and identified by using ProFound (http://prowl.rockefeller.edu/cgi-bin/ProFound). Band 1 (116 kDa) contained translation elongation factor 3A (Ylr249wp). Band 2 contained two proteins that comigrated at 72 kDa: Nog1p (Ygl093wp), and Ygl099wp. We have named YGL099w LSG1 (for large-subunit GTPase). YGL099w has also been referred to as KRE35 (12, 31) based on the sensitivity of a heterozygous diploid to killer toxin (32) . Although this mass spectrometry analysis was not quantitative; peptides representing greater coverage of Lsg1p were identified compared to Nog1p, suggesting that Lsg1p was the more abundant protein. Band 3 (66.5 kDa) contained the heat shock protein Ssb1p (Ydl229wp) and the putative ATP-dependent RNA helicase Ded1p (Yor204wp). Band 4 (65 kDa) contained the uncharacterized protein Ydr101cp related to methionyl aminopeptidases. Band 5 (35.6 kDa) was a faint band that contained GAPDH (glyceraldehyde-3-phosphate dehydrogenase) encoded by TDH3 (Ygr192cp). Considering that Ded1p and Tdh3p are abundant proteins, their presence was probably due to nonspecific contamination.
Nog1p (for nucleolar GTP-binding protein) is a recently characterized essential GTPase (33) that has been found in other preparations of affinity-purified pre-60S particles (1, 17, 35) . Lsg1p has also been found in an Nmd3p-containing complex from a large-scale proteomic analysis of protein complexes in yeast (12) . Lsg1p is a previously uncharacterized protein that belongs to the MMR/HSR1 family of GTP-bind-
Immunoprecipitation of Nmd3p-60S complexes. (A) Extracts were prepared from AJY272 (Nmd3-myc) and immunoprecipitated as described previously (19) . The proteins in the affinity purified complex were separated by SDS-PAGE ( ing proteins (pfam01926). In this family of proteins the order of the G motifs has been circularly permuted (26) . Interestingly, two other members of this GTPase subfamily from yeast are Nug1p and Nog2p, both of which are found in nuclear pre-60S particles and are required for nuclear export of 60S subunits (1, 35) . We also examined the rRNA species present in the Nmd3-60S complex to determine the status of rRNA processing in the subunit bound by Nmd3p. rRNA was isolated from the immunoprecipitated complex and from total extract and relative levels of mature and intermediate rRNA species were compared by Northern blotting (Fig. 1B) . rRNA signal strength was normalized to the 25S and 5.8S mature rRNA signals as internal controls to compensate for loading differences and to compare the level of enrichment present in the Nmd3p-60S immunoprecipitated rRNA. The Nmd3-myc-60S complex contained predominantly mature 25S and 5.8S rRNAs, a finding consistent with Nmd3p binding primarily to cytoplasmic 60S subunits (18) . The slight enrichment of 27S and 7S precursors relative to 35S and 18S RNAs (Fig. 1B ) may indicate that Nmd3p initially binds to a late nucleolar pre-60S particle.
Conditional mutants of NOG1 and LSG1. Disruption of NOG1 or LSG1 in two different genetic backgrounds was lethal and could be rescued by ectopic expression of plasmidborne copies of NOG1 and LSG1, respectively (data not shown). This was consistent with previous reports that NOG1 and LSG1 are essential (13, 33) . Consequently, we made conditional mutants of these genes. The glucose-repressible GAL1 promoter was integrated (27) into the genomic locus of NOG1 and LSG1. The resulting strains were unable to grow in the presence of glucose (data not shown). In addition, we created temperature-sensitive mutants of NOG1 and LSG1 by PCR mutagenesis. All mutants were severely impaired for growth at a restrictive temperature; however, the lsg1 mutants grew slightly better than the nog1 mutants, indicating less complete loss of function of the lsg1 alleles (Fig. 2) .
Nog1p and Lsg1p cosediment with free 60S subunits. Nog1p and Lsg1p were identified by their association with the Nmd3p-60S complex. To examine their association with ribosomal subunits in more detail, we sought to determine whether Nog1p and Lsg1p cosedimented with 60S subunits or polyribosomes on sucrose gradients. Nog1p and Lsg1p were amino-terminally tagged with the hemagglutinin (HA) and the c-myc epitopes, respectively. Both HA-Nog1p and c-myc-Lsg1p fusion proteins were functional since they fully complemented deletion mutants (data not shown). Both proteins cosedimented in the position of free 60S subunits on sucrose gradients and were largely absent from polysomes (Fig. 3) , a situation similar to Nmd3p sedimentation (18) . The lack of accumulation of HANog1p or c-myc-Lsg1p in the soluble fraction at the top of the gradient suggests that there is not a significant free pool of HA-Nog1p or c-myc-Lsg1p in the extracts. Sedimentation at the position of free 60S is typical of ribosome biogenesis factors associated with the 66S particle in the nucleolus or with the free 60S particle during nuclear or cytoplasmic maturation FIG. 2. Growth of temperature-sensitive mutants on plates. Tenfold serial dilutions of saturated cultures were spotted onto YPD plates and incubated for 3 days at the indicated temperatures. The strains tested were as follows: AJY1124 (GAL1::NOG1) containing plasmid pAJ290 (WT, first row), pAJ633 (nog1-1), or pAJ637 (nog1-3) and AJY1167 (LSG1::KanMX) containing pAJ289 (WT, fourth row), pAJ740 (lsg1-1), or pAJ741 (lsg1-2).
FIG. 3. Nog1p and Lsg1p cosediment with free 60S subunits. Lysates were prepared in the presence of cycloheximide from strain AJY1124 (GAL1::NOG1) containing pAJ290 (HA-NOG1) (A) and strain AJY1126 (GAL1::LSG1) containing pAJ289 (c-myc-LSG1) (B) and then fractionated on 7 to 47% sucrose gradients by ultracentrifugation. The 40S, 60S, 80S, and polysome peaks are labeled in panel A. Fractions were collected while the absorbance at 254 nm was continuously monitored. Proteins were precipitated with trichloroacetic acid, separated on SDS-polyacrylamide gels, transferred to nitrocellulose membranes, and immunoblotted for ribosomal protein Rpl12p and HA or c-myc as indicated. (17, 18, 31, 34, 47) . The resolution of the sucrose gradients in Fig. 3 was not sufficient to distinguish 60S from 66S sedimentation. However, considering that Nog1p is nucleolar (33) and Lsg1p is cytoplasmic (see below), their sedimentation positions most likely reflect association with nucleolar 66S and cytoplasmic 60S species, respectively. Polysome analysis of nog1 and lsg1 mutants. The cosedimentation of HA-Nog1p with 60S subunits and its localization to the nucleolus (33) strongly suggested a role for Nog1p in 60S subunit biogenesis. To examine this, we monitored free 60S levels after repressing NOG1 transcription. Repression of NOG1 resulted in a marked reduction of free 60S subunits that was evident after 8 h of repression (Fig. 4A) . Temperaturesensitive nog1 mutants showed a similar reduction in 60S levels when incubated at the nonpermissive temperature (Fig. 4B) . Some of the mutants showed half-mer polysomes, which appear as a shouldering of polysomal peaks. Half-mers reflect a defect in 60S subunit joining during translation initiation and can result from a deficiency in 60S subunit levels or from a specific joining defect. Other nog1 conditional mutants tested showed similar polysome defects (data not shown).
The polysome profiles of lsg1 mutants differed from those seen with nog1 mutants, showing a less severe 60S deficit and more pronounced half-mer peaks, findings that were particularly evident in the lsg1-2 mutant (Fig. 4C) . A half-mer defect without a corresponding dramatic decrease in free 60S subunits has previously been interpreted as a subunit joining defect (7). Thus, Lsg1p may be required during or immediately prior to subunit joining, possibly releasing factors or mediating a conformational change to facilitate joining. However, because the lsg1 mutants were not as fully inhibited for growth compared to the nog1 mutants, the differences in the polysome profiles could reflect the different degrees to which 60S biogenesis was inhibited.
rRNA processing in nog1 and lsg1 mutants. To determine what step in 60S biogenesis was affected in the nog1 mutants, we monitored rRNA processing kinetics in the mutants. rRNA is highly methylated immediately after transcription, allowing for pulse-labeling rRNA with L-[methyl-3 H]methionine. A diagram of rRNA processing is shown in Fig. 5A . In wild-type cells, 35S pre-rRNA is rapidly processed through two large intermediates, 27S and 20S, into mature 25S, 5.8S, and 18S rRNAs (reviewed in reference 44). Kinetic analysis of wildtype rRNA processing at 37°C revealed 27S and 20S precursor rRNAs and mature 25S and 18S species prior to the addition of unlabeled methionine (Fig. 5B, wild type, lane pc) . No 35S precursor was detected, demonstrating the rapid kinetics of 35S processing in wild-type cells (Fig. 5B ). The ratio of 3 H label in 25S rRNA compared to 18S rRNA 16 min after the addition of unlabeled methionine was 1.5.
The nog1-1 mutant showed an accumulation of 35S precursor and a delay in processing of 27S to 25S rRNA at nonpermissive temperature (Fig. 5B) . Additionally, the mature 25S rRNA did not accumulate to the level of 18S rRNA (the ratio of 3 H label in 25S compared to 18S rRNA reached 0.3). Also present transiently and in low abundance was a 23S species. This species is an aberrant 20S precursor indicative of altered cleavage of 35S (Fig. 5A) .
The nog1 mutants were also tested for the accumulation of aberrant or immature rRNAs. Northern blotting was done with probes that were specific for known rRNA-processing intermediates. The nog1 mutants exhibited a slight accumulation of 35S and 23S species (Fig. 5C ) consistent with the results of pulse-chase labeling. In contrast, 27SA, 25S, 20S and 7S were under-represented (Fig. 5C) .
We also tested lsg1 mutants for defects in rRNA processing by using rRNA pulse radiolabeling and Northern blotting. At the prechase time point we observed a slight accumulation of 35S and 23S species (Fig. 5B, lsg1-2, lane pc) , and 25S did not accumulate to wild-type levels. (The ratio of 3 H label in 25S rRNA compared to 18S rRNA reached 0.5.) The higher ratio of 25S to 18S in lsg1 mutants compared to nog1 mutants may reflect the incomplete loss of function in the lsg1 mutants at a restrictive temperature. Northern analysis of pre-rRNA and mature rRNA species in lsg1 mutants showed a pattern of defects similar to that seen in nog1 mutants, although the decrease in 27S pre-rRNA was more pronounced in the lsg1 mutants, whereas the decrease in 7S was more pronounced in the nog1 mutants.
These results indicate that both Nog1p and Lsg1p are re -FIG. 4 . Polysome analysis. Extracts were prepared from mid-log-phase cultures and sedimented through 7 to 47% sucrose gradients. Gradients were analyzed by monitoring the absorbance at 254 nm. Arrows indicate reduced free 60S peaks. (A) Wild-type (CH1305, WT) and the glucose-repressible (AJY1118, GAL::NOG1) strains were cultured in galactose-containing medium. Glucose was added to 2%, and the cells were harvested after an additional 8 h. (B) AJY1124 (GAL1::NOG1) containing pAJ633 (nog1-1) or pAJ637 (nog1-3) were grown to log phase at 30°C, followed by incubation at a restrictive temperature (37°C) for 4 h. (C) AJY1167 (LSG1::KanMX) containing pAJ740 (lsg1-1) or pAJ741 (lsg1-2) were cultured as described for the nog1 mutants in panel B.
quired for normal processing and accumulation of rRNA; however, the lack of significant accumulation of intermediates suggests that Nog1p and Lsg1p are not directly involved in rRNA processing. In particular, the cytoplasmic localization of Lsg1p (see below) clearly indicates an indirect role in nucleolar rRNA processing. Similar results have been found with dominant mutations in the export adapter Nmd3p (4, 18) . It has previously been suggested that such indirect effects could arise from a general feedback mechanism, perhaps due to the failure in recycling nucleolar processing factors (44) .
Nog1p and Lsg1p do not simultaneously bind 60S subunits in vivo. To determine whether Nog1p and Lsg1p bind to 60S at the same time or sequentially in the Nmd3p-mediated export pathway, we used coimmunoprecipitation and Western blotting. Lsg1-myc efficiently coimmunoprecipitated 60S subunits (Fig. 6A, ϩmyc) , a finding consistent with the cosedimentation of Lsg1p with free 60S subunits in sucrose gradients. The immunoprecipitated subunits were free of detectable 18S rRNA (data not shown), indicating that Lsg1p binds specifically to the free 60S subunit, a result similar to the binding previously reported for Nmd3p (19) . Comparison of the immunoprecipitated proteins with purified 60S subunits revealed similar protein profiles. Western blotting confirmed the presence of Nmd3p and ribosomal protein Rpl12p. We were unable to immunoprecipitate HA-Nog1p. However, when Nmd3-myc and Lsg1-myc immunoprecipitations were performed from cells expressing HA-Nog1p, epitope-tagged Nog1p was detected only in the Nmd3-myc precipitates and not in the Lsg1-myc precipitates (Fig. 6B) . Thus, Nog1p and Lsg1p do not bind to the 60S subunit simultaneously. This conclusion is consistent with the localization of Nog1p and Lsg1p to the nucleus and cytoplasm, respectively (see below).
Lsg1p is a cytoplasmic protein that does not shuttle in a Crm1p-dependent manner. Nog1p is a nucleolar protein (33) (data not shown), but the intracellular localization of Lsg1p had not been characterized. By using indirect immunofluores- 3 H]methionine pulse-labeling of rRNA was carried out as previously described (18) . Wild-type (CH1305), nog1-1 (AJY1124 containing pAJ633), and lsg1-2 (AJY1167 containing pAJ741 (lsg1-2) strains were grown to mid-log phase in selective medium lacking methionine at 30°C. Cells were shifted to 37°C for 2 h and labeled with L-[methyl- 3 H]methionine for 4 min and then chased with excess unlabeled methionine. Aliquots were collected and frozen 2 min before the addition of chase (lanes pc), immediately after the addition of chase (lanes 0Ј), and at the indicated times after the addition of chase. Total RNA was prepared and separated on formaldehyde-agarose gels. RNAs were transferred to nylon membranes, sprayed with En 3 Hance (Dupont) and exposed to X-ray film. (C) Northern blotting of pre-and mature rRNAs. The strains tested were as follows: left three lanes, AJY1124 containing pAJ290 (WT), pAJ633 (nog1-1), or pAJ637 (nog1-3); right three lanes, AJY1167 containing pAJ289 (WT), pAJ741 (lsg1-2), or pAJ740 (lsg1-1). Cultures were grown to early log phase at 26°C, followed by 3 h of incubation at 37°C. RNA was prepared and analyzed by Northern blotting as described in Materials and Methods.
VOL. 23, 2003 CHARACTERIZATION OF PUTATIVE GTPases Nog1p AND Lsg1p 4349 cence we found that Lsg1-myc was cytoplasmic and not evident in the nucleus (Fig. 7A) . Inspection of the amino acid sequence of Lsg1p revealed a putative bipartite nuclear localization signal in the amino terminus of the protein (amino acids 8 to 24). However, this sequence is not conserved among related proteins, and deletion of amino acids 2 to 24 had no apparent effect on cell growth (unpublished data), a finding consistent with our conclusion that Lsg1p is cytoplasmic. Nevertheless, it was possible that Lsg1p, like Nmd3p, shuttles in and out of the nucleus. Nuclear export of the 60S subunit depends on the NES of Nmd3p (11, 20) and the receptor Crm1p (11, 20, 38) . Upon treatment of LMB-sensitive yeast cells with LMB, both 60S and Nmd3p accumulate in the nucleus (11, 20) . Similarly, we would expect Lsg1p to accumulate in the nucleus if it were a shuttling protein that was exported from the nucleus bound to the nascent 60S subunit. Lsg1-myc was expressed in both LMB-sensitive and LMBresistant strains. After treatment with LMB, Lsg1-myc remained cytoplasmic in both strains (Fig. 7B) . In a control experiment, Nmd3-myc was readily trapped in the nucleus after the addition of LMB (Fig. 7C) , as previously demonstrated (11, 20) . These results indicate that Lsg1p does not shuttle in a Crm1p-dependent manner and is restricted to the cytoplasm. Similarly, expression of a dominant-negative Ran mutant (GSP1-G21V) leads to nuclear accumulation of Nmd3p but not Lsg1p (M. West and A. W. Johnson, unpublished data). We conclude that Lsg1p binds to the 60S subunit after it is exported to the cytoplasm and that Lsg1p is one of the last proteins acting in the 60S subunit biogenesis pathway.
Lsg1p binds to recycling cytoplasmic 60S subunits.
To examine the kinetics of Lsg1p binding to the free 60S pool, we used a combination of pulse-chase labeling and immunoprecipitation of subunits bound to Lsg1p. If Lsg1p bound only to nascent 60S, the label in the r-proteins bound by Lsg1p should chase out of the Lsg1-60S complex quickly, resulting in a large drop in specific activity. On the other hand, if Lsg1p bound recycling 60S subunits, the specific activity seen at later time points should not be dramatically reduced. As shown in Fig.  8A , the specific activity of label in r-proteins bound by Lsg1p peaked 10 min after chase and dropped only twofold after an additional 80 min. Since the cells were growing throughout the time course of this experiment, the twofold drop in specific activity could be accounted for by dilution with newly made unlabeled subunits. In a similar experiment with Nmd3p, we previously observed a significantly greater drop in specific activity of Nmd3p-bound subunits during the course of the experiment (19) , a finding consistent with the conclusion that Nmd3p initially binds to subunits earlier than does Lsg1p.
As a control demonstrating the kinetics of an early binding 60S biogenesis factor, we utilized a Nop7p-TAP fusion, which binds to a 66S nucleolar pre-60S subunit (17) . The specific activity of Nop7-TAP purified 60S subunits was maximal at the earliest time point.
In order to rule out the possibility that the relatively constant level of 35 S label in the Lsg1p immunoprecipitations was due to exchange of subunits on Lsg1p during the immunoprecipitation we performed a competition experiment. L-[
35 S]methionine-labeled extract containing Lsg1-myc was mixed with un- labeled yeast extract prepared from cells expressing wild-type Lsg1p or with an excess of purified 60S subunits. 60S subunits were then coimmunoprecipitated with Lsg1-myc. If Lsg1p were readily exchangeable, we would expect to see the amount of radiolabel in the immunoprecipitated subunits drop as the labeled subunits exchanged with the pool of excess cold subunits. There was no significant drop in 35 S signal when either a threefold excess of unlabeled extract (Fig. 8C, lane 2) or a 50-fold excess of purified 60S subunits (Fig. 8C, lane 3) was added. We estimate that fewer than 10% of the 60S subunits are exchanging on Lsg1p during immunoprecipitation. Thus, the twofold drop in specific activity in Fig. 8A is not due to rapid exchange of subunits and must reflect the relatively constant specific activity of the 60S pool bound by Lsg1p in cells.
Ribosome export. Nascent ribosomal subunits assembled in the nucleolus are transported through the nucleoplasm to the cytoplasm. This intranuclear movement requires a number of additional proteins, including the ATPase and GTPases Rix7p, Nug1p, and Nog2p (1, 10, 35) . Conditional mutants in these factors result in retention of the ribosomal reporter Rpl25-eGFP in the nucleolus or nucleoplasm. Using this fluorescent reporter protein, which is functional and is incorporated into 60S subunits (11), we observed a strong nucleolar accumulation in nog1-3 and nog1-1 mutants (Fig. 9A) , suggesting that Nog1p is also required for release of subunits from the nucleolus.
For comparison, we examined the localization of Rpl25-eGFP in nmd3 mutants. We previously showed that Rpl25-GFP accumulates in the nucleus when it is coexpressed under the control of the strong GAL1 promoter with a dominantnegative nmd3 mutant that lacked the C-terminal 100 amino acids (nmd3⌬100) (20) . However, we were unable to assay the localization of Rpl25-GFP in temperature-sensitive nmd3 mutants due to low signal strength. If the more sensitive Rpl25-eGFP reporter is used, nucleolar accumulation with a weaker signal in the nucleoplasm can be seen in both the temperaturesensitive nmd3-4 mutant and the dominant-negative nmd3⌬ 100 (Fig. 9B) . 35 S]methionine for 5 min as described in Materials and Methods. At the indicated time points aliquots were removed, extracts prepared, and tagged proteins were affinity purified by using anti-myc antibodies for Lsg1-myc or as described previously for NOP7-TAP (17) . Precipitated complexes were subjected to SDS-PAGE and dried for autoradiography or transferred to nitrocellulose for Western blotting. (C) Extracts were prepared from 35 S-labeled CH1305 containing pAJ901. Extracts were incubated with a 3-fold excess of unlabeled wild-type extract or with a 50-fold excess of purified unlabeled 60S. Lsg1-myc and associated 60S proteins were immunoprecipitated and analyzed as described in panel A.
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Since Lsg1p is cytoplasmic and does not shuttle in a Crm1-dependent manner, it is unlikely to be directly involved in 60S export. Nevertheless, we examined the localization of Rpl25-eGFP in lsg1 mutants. As with the nog1 mutants, Rpl25-eGFP strongly accumulated in the nucleolus in lsg1-1 and lsg1-2 mutant cells when incubated at a restrictive temperature (Fig.  9A) . To examine the specificity of the Rpl25-eGFP reporter for export defects, we monitored its localization in a temperature-sensitive mutant of translation initiation factor 3, prt1-1. After a shift to a restrictive temperature Rpl25-eGFP did not accumulate in the nucleolus or nucleus (data not shown). Thus, the nucleolar accumulation of Rpl25-eGFP in nog1 and lsg1 mutants appears to be due to a specific block in subunit export, a finding consistent with the reduced levels of 60S subunits but not of 40S subunits in these mutants. Interestingly, Nmd3p does not accumulate in the nucleus in nog1 and lsg1 mutants (data not shown), suggesting that the defect in these mutants is upstream of binding the export adapter.
The effect of Lsg1p on ribosomal subunit export is likely indirect and could be explained if Lsg1p is necessary for recycling an export factor(s) that accompanies the nascent subunit to the cytoplasm. The failure to recycle such proteins would lead to their depletion from the nucleus. For example, loss of Nmd3p from the nucleus should yield a phenotype similar to that seen in a nmd3 loss-of-function mutant. Similarly, a failure to recycle Tif6p exported from the nucleus on 60S subunits results in the accumulation of Rpl25-eGFP in the nucleus (37) . We tested several candidate proteins for their possible accumulation in the cytoplasm upon shifting temperature-sensitive lsg1 mutants to a restrictive temperature. GFP fusions were made with Nog1p, Nog2p, Nug1p, and Tif6p. Of these proteins, only Tif6p is found associated with the Lsg1p-bound subunit (G. Kallstrom and A. Johnson, unpublished results) and is reported to shuttle (3, 37) . None of these proteins relocated to the cytoplasm or was lost from the nucleus in lsg1 mutants (data not shown). The two additional proteins, Arx1p and Ybr267wp, that have been reported to be in the Lsg1p-60S complex (12) are unlikely to be responsible for the arrest of 60S export in lsg1 mutants since neither protein is essential (unpublished results). We also examined the localization of Nmd3p in lsg1 mutants. Nmd3p is predominantly cytoplasmic in wild-type cells; however, the addition of GFP to the C terminus of Nmd3p causes a modest nuclear localization without significantly affecting function (unpublished observation). No change in the localization of Nmd3-GFP ectopically expressed from a plasmid was observed in lsg1 temperaturesensitive mutants (data not shown).
DISCUSSION
Pre-60S subunits. Mass spectrometry has recently been used to identify proteins associated with pre-60S species (1, 9, 17, 35) . From such work a dynamic pathway of association and dissociation of processing factors on the pre-60S species can be developed (9) . Here, we have focused on two GTP-binding proteins, Lsg1p and Nog1p, that we identified by their copurification with the Nmd3p-bound 60S subunit. Because Nmd3p shuttles, the 60S subunits bound by Nmd3p are a mixture of nascent subunits from the nucleus and cytoplasm and mature recycling cytoplasmic subunits (18, 19) .
Nog1p has been found associated with several pre-60S species (1, 9, 17, 35) , indicating that it loads onto the nascent subunit quite early during 60S biogenesis in the nucleolus and remains associated with the subunit throughout the course of assembly. However, the rRNA processing defects of nog1 mutants are similar to the defects observed in mutants of some late-acting nuclear 60S biogenesis factors, including NUG1, NOG2, and TIF6 (1, 2, 35) . It has been suggested that such rRNA processing defects are nonspecific and due to feedback inhibition of the processing pathway (44) . For example, the failure to recycle limiting nucleolar proteins that accumulate FIG. 9. Rpl25-eGFP localization. (A) Rpl25-eGFP was expressed in strain CH1305 (wild-type), strain AJY1124 (GAL1::NOG1) carrying pAJ637 (nog1-3), and strain AJY1167 (LSG1::KanMX) carrying pAJ740 (lsg1-1). Fresh overnight cultures were diluted twofold into fresh medium. After 30 min at 30°C, each culture was divided, and one half of each shifted to 37°C for 3 h. Enlarged examples compare the localization of the Rpl25-eGFP with that of DNA stained with Hoechst 34442. For the colocalization experiments, the strains were AJY1124 (GAL1::NOG1) carrying pAJ633 (nog1-1) and AJY1167 (LSG1:: KanMX) carrying pAJ740 (lsg1-1). GFP fluorescence (green) and Hoechst fluorescence (red) were visualized in separate channels, artificially colored, and merged. (B) Rpl25-eGFP was expressed in AJY734 (nmd3-4) at a permissive (30°C) or a nonpermissive (37°C) temperature for 3 h or coexpressed in CH1305 containing pAJ368 (GAL1::NMD3⌬100) (20) in the presence of the inducer galactose (gal) or in the presence of the noninducing sugar raffinose (raf). Enlarged examples of cells are shown. Because we found Nog1p on the Nmd3p-bound subunit, Nog1p can remain on the subunit at least until the export adapter is loaded. This is in apparent contradiction with analyses determining the protein composition of pre-60S particles affinity purified with other trans-acting factors, including Nog2p, Nsa3p, Nug1p, and Sda1p (1, 31, 35) . Nmd3p was not detected in these complexes. Since Nug1p and Nog2p are present in the nucleoplasm, as well as in the nucleolus, and Sda1p is nucleoplasmic, these results have been interpreted to indicate that Nmd3p loads onto the subunit at a late step in the nucleoplasm, after release from the nucleolus. However, it is possible that Nmd3p is lost from these complexes during affinity purification due to weak initial binding to the 60S subunit and that a subsequent nucleoplasmic step stabilizes its interaction with the subunit.
The Nog1p-bound pre-60S particle contains other GTPases, including Nug1p and Nog2p (1, 35) , that are also required for 60S biogenesis, indicating that multiple GTPases are required for multiple events in parallel during ribosome assembly. Further work is needed to determine where these GTPases bind on the subunit and whether the binding of any of the GTPases is mutually exclusive. Mutual exclusion or binding to the same sites would suggest sequential loading of GTPases acting at the same site. Although Lsg1p, Nug1p, and Nog2p are structurally related to one another and belong to a subfamily of GTPases in which the GTPase motifs are circularly permuted (26), Nug1 and Nog2p appear to be able to bind to the nascent subunit simultaneously (35) , indicating that their binding is not mutually exclusive.
Since the steady-state distribution of Nmd3p in yeast is largely cytoplasmic (18) , Nmd3p-bound 60S subunits are enriched in cytoplasmic subunits. We found that Lsg1p was an abundant protein in this complex, a finding consistent with recent mass spectrometric identification of Nmd3p associated with Lsg1p (12, 31). We did not detect Nog1p associated with the Lsg1p-bound 60S subunit, indicating that Nog1p is released by the time Lsg1p binds and that these two GTPases bind to the subunit sequentially.
Ribosome export. Deletion of the NES of Nmd3p traps the 60S subunit reporter protein Rpl25-GFP in the nucleus (11, 20) . Using the more sensitive reporter Rpl25-eGFP (11), we first examined the localization of 60S subunits in various nmd3 mutants. The conditional loss-of-function mutant nmd3-4 (18) and a C-terminal deletion of 100 amino acids (Nmd3⌬100) led to nucleolar retention of Rpl25-eGFP with some signal in the nucleoplasm. These results are consistent with studies of human Nmd3p (hNmd3); in HeLa cells GFP-hNmd3 accumulates in the nucleolus and in the nucleoplasm in the presence of LMB, whereas the truncation mutant comparable to yeast Nmd3⌬100 accumulates predominantly in the nucleolus (40a). These results suggest that Nmd3p may first bind to the nascent 60S subunit in the nucleolus. This interpretation is also consistent with the slight enrichment of 7S and 27S pre-rRNAs and the presence of Nog1p in the Nmd3p-bound subunit. Thus, the export adapter Nmd3p may be required for the release of a stable subunit from that compartment (see Fig. 10 ).
In addition to Nmd3p, we have shown that Nog1p is required for release of nascent 60S subunits from the nucleolus. FIG. 10 . Simplified diagram of Nmd3p and Lsg1p binding to 60S subunits. Nmd3p loads onto the pre-60S subunit in the nucleus, possibly as the nascent subunit emerges from the nucleolus. Nmd3p remains associated with the subunit during export to the cytoplasm. Tif6p, Arx1p, Crm1(Xpo1p), and Ran(Gsp1p) also accompany the subunit during export but are not shown for clarity. In the cytoplasm, Lsg1p likely binds to the newly exported free 60S subunit, and we suggest that it is required for recycling an as-yet-unidentified factor to the nucleus. Both Nmd3p and Lsg1p are released prior to or upon subunit joining. When released, Nmd3p can reenter to the nucleus for another round of subunit export or bind to a recycling free 60S subunit after translation termination. Lsg1p, on the other hand, is restricted to the cytoplasm and, after it is released from a subunit, it can bind to a newly exported 60S subunit or to a recycling free 60S subunit as with Nmd3p.
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This finding is consistent with Nog1p acting late in the biogenesis pathway. Nog1p and Nmd3p can be added to a growing list of proteins, including Mak21p/Noc1p and Noc2p, that are required for the release of subunits from the nucleolus (28) . How the function of these proteins is coordinated and whether they work together or sequentially to control release of the subunit is not known. Since Nmd3p provides the export signal for the large subunit, the addition of Nmd3p may provide a quality control check of subunit assembly, with additional factors contributing to such a functional check. Considering that Lsg1p is cytoplasmic, it is surprising that lsg1 mutants trap Rpl25-eGFP in the nucleolus. However, a similar phenotype was reported recently for a ria1/efl1 mutant in which Tif6p recycling to the nucleus is inhibited, resulting in a block in the 60S maturation pathway in the nucleus (37) . We suggest that the effect of lsg1 mutants on nucleolar 60S biogenesis is due to a similar failure in the recycling of a biogenesis factor(s) that remains bound to the subunit during transport from the nucleus (Fig. 10) . In an attempt to identify the putative factor, we made fusions of GFP to candidate proteins, but none showed relocalization to the cytoplasm. Although a failure to reimport Nmd3p would be expected to cause nucleolar accumulation of Rpl25-eGFP, as was observed in an nmd3-4 conditional mutant, we have not observed relocalization of Nmd3-GFP in lsg1 mutants. Consequently, the factor responsible for the arrest of 60S export observed in lsg1 mutants remains to be identified.
Does Lsg1p have a role in translation?
Mutants of LSG1 clearly have a defect in 60S biogenesis and export; however, we have also provided data that Lsg1p binds to cytoplasmic free 60S subunits that are recycling in translation, suggesting an additional role in subunit recycling. Current models for eukaryotic translation focus on assembly of the 40S subunitcontaining preinitiation complex at the initiation codon, with 60S joining being regulated by release of factors from the 40S subunit that prevent 60S binding. It is possible that Lsg1p triggers the release of factors from the 60S subunit in response to interaction with the preinitiation complex. Such a function could couple translation initiation with 60S subunit biogenesis.
